Self-generated speech produces a smaller N1 amplitude in the auditory-evoked potential than externally generated speech; this phenomenon is known as N1-suppression. Schizophrenia patients show less N1-suppression than healthy controls. This failure to self-suppress may underlie patients' characteristic tendency to misattribute selfgenerated thoughts and actions to external sources. While the cause of N1-suppression deficits to speech in schizophrenia remains unclear, structural damage to the arcuate fasciculus is a candidate, due to its ostensible role in transmitting the efference copy of the motor plan to speak. Fifty-one patients with early illness schizophrenia (ESZ), 40 individuals at clinical high-risk for psychosis (CHR), and 59 healthy control (HC) participants underwent an electroencephalogram while they spoke and then listened to a recording of their speech. N1-suppression to the spoken sounds was calculated. Participants also underwent a diffusion-tensor imaging (DTI) scan, from which the arcuate fasciculus and pyramidal tract were extracted with deterministic tractography. ESZ patients exhibited significantly less N1-suppression to self-generated speech than HC participants, with CHR participants exhibiting intermediate levels. ESZ patients also exhibited structural abnormalities in the arcuate fasciculus-specifically, reduced fractional anisotropy and increased radial diffusivity-relative to both HC and CHR. There were no between-group differences in the structural integrity of the pyramidal tract. Finally, level of N1-suppression was linearly related to the structural integrity of the arcuate fasciculus, but not the pyramidal tract, across groups. These results suggest that the self-suppression deficits to willed speech consistently observed in schizophrenia patients may be caused, at least in part, by structural damage to the arcuate fasciculus.
Introduction
In healthy people, self-generated speech evokes a smaller amplitude of the N1-component of the auditory evoked potential, compared to when the same speech is prerecorded and played back to participants while they are listening passively. [1] [2] [3] Evidence from the animal literature suggests that this electrophysiological suppression may be caused by an efference copy of the motor signal used to predict the sensory consequences of self-generated vocalizations, thereby tagging the sensations as coming from the self, and suppressing the resultant activity in the primary auditory cortex. 4 There is substantial evidence that schizophrenia patients show subnormal levels of electrophysiological suppression to self-generated speech. [5] [6] [7] These deficits in self-suppression (also known as sensory attenuation) are significant as they provide a prima facie account for some of the most distinctive and characteristic symptoms of schizophrenia. An example are the passivity experiences, in which patients seem to misattribute self-generated actions and thoughts to external sources. 8, 9 There is also evidence to indicate that individuals at clinical high-risk (CHR) of developing psychosis show levels of electrophysiological self-suppression (ESS) that are intermediate between schizophrenia patients and healthy controls, suggesting that ESS deficits could potentially reflect an underlying vulnerability for, and precede the onset of, schizophrenia or psychotic disorders more generally.
While the underlying causes of ESS abnormalities in schizophrenia are unclear, one possibility, suggested previously, 11 is that they are caused by damage to the white matter fiber bundle along which the efference copy initiated by self-generated speech travels. While the fasciculus in question has not been definitively established, the arcuate fasciculus is a likely possibility as it provides a direct physical connection between the primary sites of speech production (ie, the ventral premotor cortex/Broca's area) and the primary auditory cortex, 12, 13 consistent with forward models of motor control.
14 Consistent with this hypothesis, schizophrenia patients have been found to exhibit structural damage in the arcuate fasciculus relative to healthy controls, as assessed with diffusion-tensor imaging (DTI). [15] [16] [17] [18] [19] [20] If N1-suppression to willed speech is associated with the structural integrity of the arcuate fasciculus (ie, the likely route of the efference copy), then variation in arcuate integrity should account for significant variance in N1-suppression, across clinical groups. The integrity of the arcuate fasciculus may covary with the integrity of other white matter tracts, including the pyramidal tract that transmits speech motor commands to muscle groups involved in vocalization, due to factors that generally influence white matter microstructure across the entire brain. However, if the association between arcuate fasciculus integrity and N1-suppression is specifically due to the efference-copy associated with willed speech, arcuate integrity should uniquely account for variance in N1-suppression, over and above the amount accounted for by the pyramidal tract. 21, 22 The present study aimed to investigate the unique association between N1-suppression to self-generated speech and the structural integrity of the arcuate fasciculus, controlling for the structural integrity of the pyramidal tract, across 3 clinical populations: namely, individuals with early illness schizophrenia (ESZ), individuals at CHR of developing psychosis, and healthy controls (HC). All participants underwent a DTI scan, and their arcuate fasciculus and pyramidal tract were identified with deterministic tractography. The structural integrity of these 2 fasciculi were quantified with 2 established diffusion metrics: fractional anisotropy (FA), which is a general measure of fasciculus integrity, 23 and radial diffusivity (RD), which is a more specific measure of myelin integrity. 24 Participants also underwent our previously established "Talk-Play" protocol, which has been used to assess the electrophysiological correlates of willed speech, 25 and their level of N1-suppression to self-generated speech was calculated. Finally, multiple linear regression was used to investigate whether (a) the integrity of the participants' arcuate fasciculus significantly predicted their level of N1-suppression in a similar manner across groups, and (b) whether the integrity of the arcuate fasciculus was a unique predictor of N1-suppression, when controlling for the integrity of the pyramidal tract.
Methods

Participants
Three groups of participants were recruited for the study: ESZ, CHR, and HC. The ESZ participants were diagnosed with DSM-IV schizophrenia based on the Structured Clinical Interview for the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (SCID). 26 All interviews were conducted by a trained psychiatrist, clinical psychologist, or research assistant. The ESZ participants were all within 2.5 years of their first hospitalization for psychosis and/or their first exposure to antipsychotic medication. The CHR participants were assessed by trained clinicians administering the Structured Interview of Psychosis-Risk Syndromes (SIPS) 27, 28 and met criteria for at least 1 of the 3 psychosis-risk sub-syndromes defined by the Criteria of Psychosis-Risk Syndromes (COPS), 27, 28 namely (1) attenuated positive symptoms (n = 37), (2) brief intermittent psychotic states (n = 0), and (3) genetic risk with deterioration in social/occupational functioning (n = 5) (Note: the sub-syndromes were not mutually exclusive). ESZ and CHR participants were either self-referred, or referred by community clinicians to an early psychosis clinic and research program at the University of California, San Francisco (UCSF). HC participants were recruited by advertisements and word-ofmouth. In total, 51 ESZ, 40 CHR, and 59 HC individuals participated in the study. The N1-suppression data from a subset (85/150) of these participants have been previously reported 10 ; the DTI data have not been reported previously. The demographic and clinical details of the study participants are summarized in table 1. The average time between electrophysiological recording and DTI scanning was 33.39 days (SD = 67.49, range = 0-399).
Exclusion criteria for all groups included a history of alcohol or substance dependence within the past year (excepting nicotine dependence), a history of a significant medical or neurological illness, a history of head injury resulting in loss of consciousness, and an age-atscan of ≥32 years. Additional exclusion criteria for the HC participants were a present or past diagnosis of an Axis I disorder (based on the SCID-non-patient edition 30 ), or self-report of a first-degree relative with a psychotic disorder. The study was approved by the UCSF Institutional Review Board, and all participants provided written informed consent, or in the case of minors, written parent/guardian informed consent and participant assent, to participate.
Symptom severity ratings were obtained from ESZ patients by trained raters administering the Scale of Positive Symptoms (SAPS 31 ) and the Scale of Negative Symptoms (SANS 32 ) during semi-structured interviews. Symptom ratings for CHR participants were obtained using the Scale of Psychosis-Risk Symptoms (SOPS), imbedded in the SIPS. 28 Parental socioeconomic status 29 and handedness 33 were also assessed in all participants. . Diffusion-tensor images were constructed from the diffusion-weighted images on the basis of least-squares estimation. Intra-scan misalignments due to head movements and eddy currents were removed through affine registration of the diffusionweighted images to the baseline image for each individual participant (Functional MRI of the Brain Software Library; FSL). All images were masked in order to remove non-brain areas and background noise by manually editing a label map, which was initialized using the OTSU module in the Slicer-3 software package (www.slicer.org).
Diffusion-Tensor Tractography. The Slicer-3 software package (www.slicer.org) was used to extract the 2 fasciculi-of-interest namely the arcuate fasciculus and the pyramidal tract. Both fasciculi were extracted from the left hemisphere using deterministic (streamline) tractography. The left hemisphere was chosen due to the fact that the arcuate fasciculus is often poorly defined in the right hemisphere. 34 The 2 fasciculi of interest were extracted using a manual, fiducial-based approach, based on our previously published protocol 15, 17 -see supplementary material for more details. Examples of the left arcuate fasciculus and left pyramidal tract, extracted from 3 representative participants, are provided in figure 1. Following tractography, a binary label-map was generated for each of the 2 fasciculi by labeling the voxels through which any of the streamlines passed.
Electrophysiology: Talk-Play Paradigm. Participants completed the Talk-Play paradigm, summarized below, which has been described in detail previously. 25 In the Talk condition, participants were trained to pronounce short (<300 ms), sharp vocalizations of the phoneme "ah" repeatedly in a self-paced manner, approximately every 1-2 s for 187 s in total. The speech was recorded using a microphone connected to the stimulus presentation computer, and transmitted back to subjects, in real time, through Etymotic ER3-A ear-inserts. In the Play condition, the recording from the Talk condition was played back to participants while they listened passively. The Talk-Play paradigm was run on Presentation software (www.neurobs.com/presentation).
ERP Acquisition and Preprocessing. The procedure for ERP acquisition and preprocessing has been described in detail previously. 10 Electroencephalographic data were acquired from 64 channels using a BioSemi ActiveTwo system (www.biosemi.com), referenced to CMS/DRL. Additional electrodes were placed on the outer canthi of both eyes and above and below the right eye to measure electro-oculogram (EOG) data reflecting horizontal (HEOG) and vertical (VEOG) eye movements, respectively, as well as blinks. EEG data were continuously digitalized at 1024 Hz and referenced offline to the average earlobe electrodes. A 1 Hz high-pass filter was then applied using EEGLAB (http://sccn.ucsd.edu/eeglab/). Data were next subjected to Fully Automated Statistical Thresholding for EEG artifact Rejection (FASTER), using a freely distributed toolbox, 35 as described in our prior studies 36, 37 -see supplementary material for more detail. Epochs were time locked to the onset of each "ah," and baseline corrected to the 100 ms preceding vocalization. N1 amplitude was quantified separately for the Talk and Listen conditions, for each participant, as the most negative local minimum potential between 50 and 175 ms following the onset of the stimulus.
Statistical Analysis DTI Component. Two diffusion metrics were used to quantify the structural integrity of the 2 fasciculi of interest: FA and RD. FA was calculated according to the Electrophysiology Component. Univariate ANOVA was used to compare N1-suppression between the 3 participant groups. N1-suppression was calculated as the difference in N1 amplitude between the Talk and Play conditions at electrode Cz. Electrode Cz was chosen as it is the site at which the amplitude of the N1 component is often maximal, which was verified in the current dataset. A significant group effect was followed up with pairwise post hoc TukeyKraemer tests to determine which groups differed.
Predicting N1-Suppression From White Matter
Integrity. Multiple linear regression was employed for this analysis. Participants' level of N1-suppression at electrode Cz was entered as the dependent variable. The predictor variables comprised 2 group indicator variables representing Group (HC, CHR, ESZ), and the 4 white matter integrity variables arcuate FA, arcuate RD, pyramidal FA, and pyramidal RD. Before testing the "common slope" effects of the white matter variables (each controlling for all the others), 8 group × white matter integrity interaction terms (2 indicator variables × 4 white matter predictors) were added to the model to test for significant slope differences between the groups for any of the white matter integrity predictors. Significant slope differences were followed up by characterizing and testing the white matter integrity variable's associations with N1 suppression separately in each group. If the interaction terms did not account for a significant increment in R 2 , slope differences were ruled out and the interaction terms were dropped from the model, allowing the common slopes across groups to be tested for significance for each white matter integrity measure while controlling for the remaining 3 white matter measures.
Results
ERP Component
The auditory-evoked potential waveforms for the Talk-Play data and the means and standard errors for N1-suppression across the 3 participant groups are presented in figure 2A . Univariate ANOVA of the N1-suppression data revealed a significant main effect of group [F(2, 149) = 4.639, P = .011]. Follow-up post hoc tests (Tukey-Kraemer) revealed that the ESZ group exhibited significantly lower N1-suppression than the HC group [t(108) = 3.01, P = .008]. There was no significant difference between the ESZ and CHR groups [t(89) = 1.08, P = .526], nor between the CHR and HC groups [t(97) = 1.68, P = .215]. However, a linear contrast analysis revealed a highly significant linear trend across the group means [F(1, 149) = 9.089, P = .003], indicating that the level of N1-suppression increased in a linear fashion from ESZ to CHR to HC.
DTI Component
Arcuate Fasciculus. The means and standard errors of the FA and RD data for the arcuate fasciculus across the 3 groups are presented in figure 2B . Pyramidal Tract. The means and standard errors of the FA and RD data for the pyramidal tract across the 3 participant groups are presented in figure 2B .
Fractional Anisotropy Univariate ANOVA of the FA data revealed a nonsignificant main effect of group [F(2, 149) = 0.666, P = .515]. As the main effect of group was nonsignificant, follow-up post hoc tests were not performed.
Radial Diffusivity Univariate ANOVA of the RD data revealed a nonsignificant main effect of group [F(2, 149) = 1.663, P = .193]. As the main effect of group was nonsignificant, follow-up post hoc tests were not performed.
Predicting N1-Suppression From White Matter Integrity
To investigate whether N1-suppression could be predicted based on the structural integrity of the arcuate fasciculus and pyramidal tract, a multiple linear regression was performed. N1-suppression at electrode Cz was the dependent variable. Structural integrity was quantified on the basis of the diffusion metrics of FA and RD.
In the full model, arcuate FA and RD, pyramidal FA and RD, and 2 indicator variables coding for group were entered in the first step. The 8 interaction terms (ie, Indicator1*arcuate FA, Indicator1*arcuate RD, Indicator1*pyramidal FA, Indicator1*pyramidal RD, and repeated forIndicator2) were entered in the second -change = 0.010, F(8, 134) = 0.187, P = .992], and none of the 8 interaction terms had significant beta values (all Ps > .5). Thus, there was no significant evidence of slope differences between the groups. Therefore, the interaction terms were dropped from the model and the common slopes for the white matter integrity measures were tested in the reduced model.
In the reduced model, only arcuate RD showed a statistically significant association with N1-suppression (t = −2.627, P = .010, partial r = −.215), controlling for all other white matter integrity variables ( figure 3 ). Of note, in this reduced model, the ESZ vs HC mean difference in N1-suppression remained significant (P = .007), and the CHR vs HC mean difference was at trend level (P = .068) after controlling for the 4 white matter integrity covariates. The parameter estimates for all of the predictor variables and the tests of their significance are listed for the reduced model in table 2.
Discussion
To summarize our results, firstly, with regards to N1-suppression: as predicted, the ESZ group exhibited significantly lower levels of N1-suppression in response to self-generated speech, relative to the HC group, with the CHR group exhibiting intermediate levels of N1-suppression. Secondly, with regards to the structural integrity of the arcuate fasciculus: as predicted, the ESZ group exhibited significantly lower levels of FA and significantly higher levels of RD in the arcuate, relative to the HC group. However, unpredicted was the fact that there were no observable differences between the HC and CHR groups with respect to either FA or RD in the arcuate. Thirdly, with regards to the hypothesized relationship between N1-suppression and arcuate integrity: arcuate RD (but not arcuate FA) was found to account for a small but significant (3.7%) amount of unique variance in N1-suppression, in a similar manner across groups. This was over-and-above the nonsignificant variance accounted for by arcuate FA, and the pyramidal tract integrity measures (FA and RD). In light of the fact that both N1-suppression deficits to speech 5, 6 and diffusion abnormalities in the arcuate fasciculus [15] [16] [17] [18] [19] have been found to be a consistent feature of schizophrenia (ie, reported both in the present study, and previously), the observed linear association between arcuate RD and N1-suppression suggests that these abnormalities may be causally related. On the other hand, the regression model results indicate that the significant N1-suppression abnormalities in ESZ patients, and the trend level N1-suppression abnormalities in CHR individuals cannot be fully accounted for by compromised integrity of the arcuate fasciculus, since group differences persisted even after accounting for the influence of arcuate integrity.
The observed differences in N1-suppression between ESZ and HC are consistent with previous studies that have identified ESS deficits to speech in schizophrenia (see reviews in refs. 39, 40 ) and other psychotic disorders. 6 The current results, and our overlapping previous report, 10 suggest that ESS deficits to self-generated speech are present early in the illness course, and may even precede the onset of psychosis. These results suggest that ESS deficits to self-generated speech may represent a potential vulnerability or endophenotypic marker of psychosis, which may complement other electrophysiological biomarkers that have previously been identified. [41] [42] [43] [44] Previously, we found intermediate ESS deficits to self-generated speech in the unaffected first-degree relatives of patients with schizophrenia, schizoaffective disorder, or bipolar psychosis, 6 similar to what we observed in CHR individuals in the current study. Furthermore, a recent study by Oestreich et al, 45 compared N1-suppression in the Talk-Play task in undergraduate students who scored high and low on a commonly used psychometric scale of schizotypy, 46 and found that the high-schizotypy participants showed significantly reduced levels of N1-suppression relative to low-schizotypy participants. Taken together, these findings suggest that subnormal levels of N1-suppression to self-generated vocalizations may be not limited to patients with schizophrenia but may also be present, at least in attenuated form, in individuals exhibiting the psychosis-risk syndrome, patients across the broader schizophrenia-bipolar psychosis spectrum and their first-degree relatives, and individuals with high levels of schizotypic traits. In addition to providing empirical evidence for the hypothesized "continuum of psychosis," 47 these findings raise the possibility that N1-suppression deficits to selfgenerated vocalizations may represent an electrophysiological biomarker for psychosis-proneness, and could potentially show utility in predicting future transition to psychosis in clinical high-risk individuals. Future research investigating this possibility is warranted.
The present study is one of the few studies to directly investigate the association between neuroimaging measures of brain structure and electrophysiological measures of brain function. [48] [49] [50] In regards to brain structure, the ESZ patients were found to exhibit significant abnormalities in the arcuate fasciculus (as quantified by significantly decreased FA and increased RD) relative to both HC and CHR. While several previous DTI studies have identified arcuate abnormalities in schizophrenia patients relative to matched healthy controls, [15] [16] [17] [18] [19] [20] few previous studies have compared arcuate integrity between schizophrenia patients and CHR individuals (see Karlsgodt et al 51 for a review of the evidence for DTI abnormalities in CHR individuals). While most (though not all 52 ) previous studies have reported arcuate abnormalities in schizophrenia patients relative to both HC and CHR participants, arcuate abnormalities have typically not been observed in CHR [53] [54] [55] [56] relative to HC. Taken together, these results suggest that while there is strong evidence for the existence of structural abnormalities in the arcuate fasciculus in patients with schizophrenia-both chronic and early-illness-it is less clear whether arcuate abnormalities are present in individuals at clinical or genetic high-risk for psychosis.
The arcuate fasciculus is a plausible route for an efference copy initiated by willed speech, as it provides direct physical connection between the primary sites of speech production and auditory perception. 13 Previously, a source localization analysis of scalp EEG localized pre-speech activity to the inferior frontal gyrus (Broca's area), and found it to be associated with post-speech N1-suppression in the auditory cortex, consistent with this hypothesis. 57 The present study found that the integrity of the arcuate fasciculus accounted for a small but significant amount of variance (3.7%) in participants' levels of N1-suppression, across groups, over and above the nonsignificant amount of variance accounted for by the integrity of the pyramidal tract. RD of the arcuate was the strongest DTI predictor in the model (β = −35240) indicating that participants with the highest levels of RD had the lowest levels of N1-suppression. RD has traditionally been considered an index of myelin integrity, as increased levels of RD have been associated with demyelination/dysmyelination in both animal 24, 58 and human 59 studies (though other studies have cautioned that the relationship between RD and myelin is complicated 60, 61 ). The ultrastructural specificity of RD stands in contrast to FA, which is known to be influenced by numerous different parameters, including axonal integrity, fiber packing density, axonal caliber, etc.-as well as myelination. 23, 61 Furthermore, the reduced levels of FA typically observed in schizophrenia patients have been found to be driven largely by increases in RD, which is suggestive of myelin damage. 62 In contrast to the arcuate results, the present study failed to identify any group differences in the integrity of the pyramidal tract. While abnormalities in the pyramidal tract have previously been reported in patients with adolescent-onset schizophrenia, 63 the null results of the present study are consistent with a large meta-analyses that did not identify FA reductions in this tract in schizophrenia patients. 64 The pyramidal tract is known to be involved in regulating movements of the mouth and tongue during the production of willed speech, 22, 65 among other motor actions. This null result is informative as it suggests that while abnormalities are present in the likely route of the efference copy associated with self-generated speech (ie, the arcuate fasciculus), they are not present in the ultimate route of the motor efference per se (ie, the pyramidal tract). In the terminology of the comparator model, 66 this result is consistent with the idea that the pathway that transmits the efference copy, or copy of the motor plan, is disrupted in schizophrenia while the pathway that transmits the efference, or motor plan itself, is preserved.
In conclusion, N1-suppression to willed vocalizations was found to be significantly reduced in ESZ patients The predictor variables were fractional anisotropy (FA) and radial diffusivity (RD) in the arcuate fasciculus and pyramidal tract. The dependent variable was N1-suppression at electrode Cz.
relative to HC participants, with CHR individuals showing intermediate levels of N1-suppression. This result provides support for the idea that schizophrenia is associated with a failure to suppress the sensory consequences of self-generated actions, leading to their misattribution to external sources. The results also indicated that the structural integrity of the arcuate fasciculus was a better predictor of N1-suppression to self-generated speech level than the structural integrity of the pyramidal tract. This result is consistent with the idea that self-suppression abnormalities to willed speech-which have consistently been observed in patients with schizophrenia-are caused by structural damage to the arcuate fasciculus, given its ostensible role in conveying the efference copy associated with willed speech to the auditory cortex.
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